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Available online ▪ ▪ ▪AbstractVortex Induced Vibration (VIV) is a typical flow-structure interference phenomenon which causes an unsteady flow pattern due to vortex
shedding at or near the structure's natural frequency leading to resonant vibrations. VIV may cause premature fatigue failure of marine risers and
pipelines. A test model was carried out to investigate the role of a stationary fairing by varying the caudal horn angle to suppress riser VIV taking
into account the effect of wake interference. The test results show significant reduction of VIV for risers disposed in tandem and side-by-side. In
general, fairing with a caudal horn of 45 and 60 are efficient in quelling VIV in risers. The results also reveal fairing can reduce the drag load
of risers arranged side-by-side. For the tandem configuration, a fairing can reduce the drag load of an upstream riser, but will enlarge the drag
force of the downstream riser.
Copyright © 2016 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Vortex Induced Vibration (VIV) of marine risers is perhaps
one of the most challenging issues in offshore engineering.
VIV is a typical flow-structure interaction phenomenon, which
can cause significant structural failure from fatigue and
potentially bring catastrophic damage to the integrity of the
system. It is necessary to use special devices to suppress VIV
and improve the fatigue life of the riser. In general, these are
classified into two categories, i.e., active control and passive
control devices. Active controls imply the use of power input,
whereas passive controls do not. In passive controls devices,
the vortex forming and developing process are controlled by
changing the section shape or adding appendages, such as
helical strake, splitter plate, fairing and small rods, to disturb* Corresponding author.
E-mail address: shidaloumin@163.com (M. Lou).
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CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).the flow field of risers. The passive controls devices are more
practical since they are easier to manufacture, simpler to
install and cost less.
Current research on VIV principally focused on a single
riser with fairing (Assi et al., 2014; Khorasanchi and Huang,
2014; Yu et al., 2015; Wang et al., 2015). However, groups
of risers are commonly disposed in tandem and parallel con-
figurations and are widely used in deep-water offshore sys-
tems. Compared to a single riser, pairs of risers present
substantial different vibration characteristics and a more
complicated fluid flow due to wake interference. Several re-
searchers are interested in the flow interference among groups
of risers organized in tandem and side-by-side because of its
importance in many engineering applications such as offshore
oil and gas.
Up until now, researchers have carried out a series of
studies on two cylinders VIV. Igarashi (1981), Zdravkovich
(1977, 1987), Sumner et al. (2000) and Assi et al. (2006)
performed experiments on two tandem cylinders. The results
revealed key parameters, such as center-to-center spacing, theinduced vibration of risers with fairing considering wake interference, In-
x.doi.org/10.1016/j.ijnaoe.2016.08.006
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Fig. 2. Cross-section of the riser model.
Table 1
Physical properties of the riser model.
Length (m) 1.2
Outer diameter (m) 0.015
Inner diameter (m) 0.013
Wall thickness (m) 0.001
Modulus of elasticity (N/m2) 3  109
Mass ratio 1.1
Length/diameter ratio 80
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ders, with significant influence on the formation of vortex,
fluid forces and vibration characteristics. Sumner et al. (1999),
Xu et al. (2003) investigated the VIV features of two cylinders
in a parallel arrangement and which underwent vibration in a
single degree of freedom (transverse) using different lateral
spacing. They determined particular features of the wake
vortex model and cylinders VIV.
Previous reports focused on the VIV response to different
set up of bare riser or on VIV suppression by faring on
an isolated riser. The present study produces a series of
experiments investigating the efficiency of VIV suppression
by fairing placed around two interfering risers and focuses
on the role of diameter ratio, spacing distance and caudal
horn.
2. Experimental set up
Test models were carried out in a current flume (Fig. 1) at
the Hydrodynamics Laboratory of the China University of
Petroleum (UPC), Qingdao, to investigate the extent of VIV
suppression using fairing to control the wake interference. A
glass-sided wave-current tank produced well-controlled steady
flow and provided a complete view of the model.
Two identical riser models were constructed of PMMA
tubing with an outer diameter (D) ¼ 15 mm, wall thickness
(t) ¼ 1 mm, and length (L) ¼ 1200 mm. The underwater
length of the riser was 700 mm. The risers are filled with
water, giving a mass ratio (m* ¼ the ratio of mass per unit
length of the riser model to the mass of displaced water) of
1.1. Both risers were positioned vertically with both ends
firmly fixed to an aluminum alloy post, allowing the riser to
oscillate within two degrees of freedom. The oscillations occur
in the in-line (IL) direction (X-direction) and the cross-flow
(CF) direction (Y-direction). Strain gauges were positioned
to measure the dynamic strains applied on each cylinder in
both directions (Fig. 2). Variations in the strain signal caused
by the axial force were canceled out by placing four sym-
metric strain gauges (two in each direction) on the outer sur-
face of each cylinder. A waterproof coating was then applied
to the cylinders to protect the strain gauges. The experimental
parameters are listed in Table 1.Fig. 1. Test model set-up.
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ternational Journal of Naval Architecture and Ocean Engineering (2016), http://dPrior to the VIV experiment, a free vibration test was car-
ried out to determine the natural frequency ( fn) of the riser in
calm water. The test was conducted by initially displacing the
riser and then releasing it to record its subsequent movement
in water. Fig. 3 indicates the time evolution of the free vi-
bration test and the corresponding Power Spectral Density
(PSD) of the transverse strain. The natural frequency is 3.9 Hz.
and is shown in Fig. 3b.
3. Results and discussion
Different fairing configurations were investigated to assess
the extent of VIV suppression in the riser via interference with
the wake. The dynamic response of the riser was measured by
the strain gauges using a bending strain vs. time diagram. The
original strain data was pre-processed by wavelet threshold de-
noising using a MATLAB software. The obtained results were
expressed as the Root Mean Square (RMS) of the strain
values, calculated from equation:
y2 ¼ Ey2ðtÞ¼ lim
T/∞
1
T
ZT
0
y2ðtÞdt ð1Þ
where, y is the strain; E means the average; t forms the time
variable; and T signifies the analysis period.
Limitations of experimental conditions restricted the steady
flow velocity to 0.3 m/s. At this velocity, the vortex shedding
frequency approached the natural frequency, and a lock-in
occurred. The corresponding reduced velocity (Vr ¼ U/fnD)
is 5.1. Due to restrictions brought by laboratory conditions, weinduced vibration of risers with fairing considering wake interference, In-
x.doi.org/10.1016/j.ijnaoe.2016.08.006
Fig. 3. Free vibration test of the riser in calm water: (a) transverse strain vs. time evolution; (b) PSD of transverse strain.
(a) (b)
Fig. 4. VIV experiment results for bare risers in a tandem arrangement, (a) transverse strain of an upstream and downstream riser vs. time, (b) in-line strain of an
upstream and downstream riser vs. time.
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correlation and the wake formation contours.3.1. Bare risers in tandem configurationTo compare the VIV responses of the riser with and
without fairing (i.e., bare riser), we first provide the bare riserFig. 5. Schematic diagram a the structure of a fairing, (a) a ph
Please cite this article in press as: Lou, M., et al., Experimental study on vortex
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VIV were conducted systematically with risers in tandem
and set at different center spacing. The results are shown
below.
Fig. 4 presents the transverse strain and IL strain of the
upstream and downstream risers vs. time with a spacing ratio
of 4 (defined as the ratio of the riser center-to-center distanceysical fairing, (b) definition on caudal horn q of a fairing.
induced vibration of risers with fairing considering wake interference, In-
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is larger to that of the downstream riser, consistent with the
findings of Ng and Teng (2014). The IL strain recorded in the
upstream riser is far higher than in the downstream riser. When
two cylinders are placed in tandem parallel to the flow, the
downstream riser is in the wake of the upstream riser. This
modifies the flow towards the downstream riser, which then
interferes with the wake dynamics and the region of vortex
formation of the upstream cylinder.3.2. Risers with fairing in tandem configurationFig. 7. (a) Transverse strain reduction factor vs. the spacing ratio for an up-
stream riser with a fairing; (b) Transverse strain reduction factor vs. the
spacing ratio for a downstream riser with a fairing. Caudal horns are 45, 60,
75 and 90, respectively.Risers set up with stationary fairing models in a tandem
configuration were tested to investigate the efficiency of
fairing in suppressing riser VIV. The fairing models included
variations in the caudal horn (q) set at 45, 60, 75 and 90.
The fairing structure is illustrated in Fig. 5. Fig. 6 presents the
experimental result of a riser with a fairing caudal horn of 60
and in a tandem set up. The curves indicate similar transverse
strains for two risers, whereas it is smaller for the downstream
riser due to the location of the wake region of the upstream
riser for the in-line strain.
Fig. 7 presents strain reduction factors for an upstream riser
and downstream riser which are covered with stationary
fairing. The figure reveals a reduced vibrating amplitude
relative to that of a bare riser shown by comparing the RMS
values (see Tables 2 and 3). For an upstream riser, fairing with
caudal horns set at 45 and 60 are efficient in suppressing
VIV. During the current experimental conditions, the trans-
verse strain is reduced. The maximum reduction can reach up
to 67.6% for a fairing with a 60 caudal horn and 58.9% for
faring with a 45 caudal horn. For a downstream riser, a fairing
with caudal horn of 45 is more effective in suppressing VIV
with a maximum reduction of 57%. The rest of fairing with
other angles have little effect of suppressing. We reasonably
concluded a faring with a small caudal horn has a better effect
on VIV suppression.(a) (b)
Fig. 6. VIV experiment results for a riser with fairing caudal horn of 60 in a tandem set up, (a) transverse strain vs. time of an upstream and downstream riser, (b)
in-line strain vs. time history of an upstream and downstream riser.
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Table 2
RMS of transverse strain values and reduction for an upstream riser with different spacing ratios and caudal horns.
Spacing ratio Bare riser RMS 45 RMS (reduction) 60 RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
4 369.7 158.7 (57.1%) 175.1 (52.7%) 366.2 (1%) 327.0 (11.6%)
5 443.8 182.3 (58.9%) 181.3 (59.1%) 361.0 (18.6%) 319.7 (28%)
6 436.8 190.2 (56.4%) 157.9 (63.8%) 351.6 (19.5%) 220.3 (49.6%)
8 437.1 192.4 (56%) 141.8 (67.6%) 365.2 (16.5%) 222.7 (49.1%)
Table 3
RMS of transverse strain values and reduction for a downstream riser with different spacing ratios and caudal horns.
Spacing ratio Bare riser RMS 45 RMS (reduction) 60 RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
4 142.1 87.0 (38.7%) 187.2 (31.7%) 174.8 (23%) 208.3 (46.6%)
5 235.3 101.2 (57%) 184.2 (21.7%) 221.2 (6%) 212.1 (9.8%)
6 211.0 102.6 (51.4%) 141.5 (33%) 249.6 (18.3%) 175.7 (16.7%)
8 189.5 129.1 (31.8%) 157.1 (17.1%) 244.4 (29%) 191.8 (1.2%)
Fig. 8. In-line strain reduction factor vs. the spacing ratio for an upstream
cylinder with fairing and different caudal horns.
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the spacing ratio. This is corroborated by comparing the RMS
values of the in-line strain for different caudal horns (Table
4). In the present experimental conditions, there is a sub-
stantial reduction of the in-line strain of the upstream riser,
implying a fairing can significantly reduce the drag load. For
a downstream riser, the in-line strain is somewhat enlargedTable 4
MS of in-line strain values and reduction for an upstream riser with different spac
Spacing ratio Bare riser RMS 45 RMS (reduction) 60
4 478.8 281.8 (41.4%) 381.
5 613.4 285.8 (53.4%) 388.
6 607.0 309.3 (49%) 404.
8 620.3 308.3 (50.3%) 362.
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ternational Journal of Naval Architecture and Ocean Engineering (2016), http://d(Table 5), but much less important relative to the in-line
strain applied to the upstream riser.3.3. Bare risers in side-by-side arrangementComparative tests were performed on bare risers in parallel
configuration to assess the efficiency of VIV suppression by
fairing. Left and right risers were observed from the flow di-
rection. The results are presented below.
Fig. 9 presents the transverse strain and in-line strain of
the left and right riser versus time. The transverse strain value
is higher to that of the in-line strain. The in-line strain of the
left riser shows little difference to that of the right riser, while
it is higher to that of the right riser for the transverse strain.
This may be caused by wake interference. When two cylin-
ders are in parallel disposition close to each other in the flow,
the wakes interact with each other, producing a gap flow
having a bias towards to the left cylinder. Similar results were
obtained by Kang et al. (2013), whose experimental results
revealed a similar scenario for the vibration of two cylinders
in a cross-flow and in-line direction when the reduced ve-
locity is 5.3.3.4. Risers with fairing in side-by-side arrangementRisers in stationary fairing models with side-by-side con-
figurations were tested to investigate the fairing capability toing ratios and caudal horns.
RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
2 (20.4%) 421.4 (12%) 384.5 (19.7%)
0 (36.7%) 401.3 (34.6%) 374.1 (39%)
8 (33.3%) 392.7 (35.3%) 366.4 (39.6%)
1 (41.6%) 410.3 (33.8%) 383.5 (38.2%)
induced vibration of risers with fairing considering wake interference, In-
x.doi.org/10.1016/j.ijnaoe.2016.08.006
(a) (b)
Fig. 9. Results of VIV experiments for two parallel bare risers. For left and right risers, the spacing ratio is 7; Strain vs. time for (a) CF response; (b) IL
response.
Table 5
RMS of in-line strain values and reduction for a downstream riser with different spacing ratios and caudal horns.
Spacing ratio Bare riser RMS 45 RMS (reduction) 60 RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
4 75.6 115.4 (52.7%) 246.6 (226%) 190.1 (151%) 159.1 (110%)
5 118 149.9 (27%) 333.1 (182%) 127.3 (8%) 147.6 (25%)
6 113.3 166.0 (46.6%) 271.2 (139.4%) 123.2 (8.8%) 185.8 (64%)
8 94.9 203.5 (114.5%) 247.9 (161%) 140.2 (47.8%) 221.8 (133.8%)
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the fairing to 45, 60, 75 and 90. The experiment results of
a riser with a fairing having a caudal horn of 90 are shown in
Fig. 10. The figure indicates the transverse and in-line strains
of the right riser are higher to that of the left riser. This phe-
nomenon may be produced by wake interference. When two
cylinders are disposed side-by-side in the flow, the wakes of
the two cylinders interact with each other on either side of the
gap between the two cylinders, and send the flow towards one
of the cylinders.(a)
Fig. 10. VIV experiment results for a riser with fairing having a 90 caudal horn in
left and right riser, (b) in-line strain of the left and right riser.
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ternational Journal of Naval Architecture and Ocean Engineering (2016), http://dThe strain reduction factors for both risers with station-
ary fairing having different caudal horns are presented in
Fig. 11 with spacing ratios varying from 3.5 to 7. The figure
reveals a reduction in the vibrating amplitude which is
confirmed by the RMS of the strain values shown in Tables
6 and 7. The left riser fairing with caudal horns of 45, 90
and 60 efficiently suppress transverse strain of VIV. The
maximum reduction can reach 56.6% for a faring with a
45 caudal horn and 59% for a faring with a 90 caudal
horn. The right riser fairing having a caudal horn angle of(b)
a side-by-side configuration. Strain vs. time plot of: (a) transverse strain of the
induced vibration of risers with fairing considering wake interference, In-
x.doi.org/10.1016/j.ijnaoe.2016.08.006
Fig. 11. (a) Transverse strain reduction factor vs. the spacing ratio for a left
cylinder with fairing. (b) Transverse strain reduction factor vs. the spacing
ratio for a right cylinder with fairing.
Table 6
RMS of left riser transverse strain and reduction for a left cylinder with different
Spacing ratio Bare riser RMS 45 RMS (reduction) 60
3.5 463.4 247.3 (46.6%) 313
4 436.7 260.3 (40.4%) 297.
5 459.2 199.4 (56.6%) 272.
6 474.4 280 (41%) 286.
7 467.2 212.9 (54.4%) 273.
Table 7
RMS of right riser transverse strain and reduction for a right cylinder with differe
Spacing ratio Bare riser RMS 45 RMS (reduction) 60
3.5 382.9 297.6 (22.3%) 220.
4 395.6 258.5 (34.7%) 223.
5 385.3 278.6 (27.7%) 195.
6 346 293.3 (15.2%) 217.
7 319.2 216.9 (32.1%) 231.
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ternational Journal of Naval Architecture and Ocean Engineering (2016), http://d75, 60, and 45 are better to suppress VIV. A maximum
reduction of 50.8% is obtained for a faring with a 75
caudal horn and 49.3% for a faring with a 60 caudal
horn angle. A faring with caudal horn of 90 is a bad
suppressor.
Table 8 presents the reduction of the in-line strain of the
left riser which is shown by comparing the RMS of the in line
strain values. This indicates the fairing can significantly
reduce the drag load. A similar trend is observed for the right
riser (Table 9). It can be concluded reasonably that the faring
can reduce the drag load for two parallel risers.
4. Conclusions
Tests have been conducted to study the VIV suppression
of a group of two risers, and a U-shaped stationary fairing
with different caudal horns. Some conclusions are presented
below:
(1) For two bare risers in tandem and presenting a reduced
flow velocity of 5.1, the CF and IL responses of the up-
stream riser were always larger to that of the downstream
riser. For two bare risers arranged side by side, the CF and
IL responses of the left riser differed from those of the
right riser due to wake interference.
(2) Irrespective of the configuration of the two risers (e.g. in
tandem or side-by-side), a fairing with caudal horns of 45
and 60 can effectively suppress the riser VIV.
(3) For two risers in a tandem configuration, a fairing can
reduce the drag load for the upstream riser, but will in-
crease the drag load for the downstream riser. When two
risers are arranged in a side-by-side configuration, a
fairing can reduce the drag load for both.spacing ratios and caudal horns.
RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
(32.5%) 351.5 (24.2%) 266.5 (42.5%)
3 (31.9%) 365.0 (16.4%) 221.9 (49.2%)
7 (40.6%) 364.4 (20.6%) 187.6 (59.1%)
3 (39.6%) 346.2 (27%) 307.7 (35.1%)
4 (41.5%) 342.1 (26.8%) 298.8 (36%)
nt spacing ratios and caudal horns.
RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
4 (42.4%) 200.2 (47.7%) 363.1 (5.2%)
5 (43.5%) 194.7 (50.8%) 304.2 (23.1%)
4 (49.3%) 220.9 (42.7%) 362.6 (5.9%)
9 (37%) 193.7 (44%) 360.9 (4%)
5 (27.5%) 214.7 (32.8%) 378.3 (18.5%)
induced vibration of risers with fairing considering wake interference, In-
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Table 9
RMS of left riser in-line strain and reduction for a right cylinder with different spacing ratios and caudal horns.
Spacing ratio Bare riser RMS 45 RMS (reduction) 60 RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
3.5 384 325.8 (15.2%) 303.1 (21.1%) 291.2 (24.2%) 341.3 (11.1%)
4 455.3 336.3 (26.1%) 272.3 (40.2%) 289.8 (36.4%) 301.2 (33.8%)
4 441.9 329.4 (25.5%) 300.7 (32%) 300.9 (32%) 354.2 (19.9%)
6 369.1 316.3 (14.3%) 294 (20.4%) 291.2 (21.1%) 344.3 (6.7%)
7 344.0 317.6 (7.7%) 305.1 (11.3%) 283.9 (17.5%) 344.1 (0%)
Table 8
RMS of left riser in-line strain and reduction for a left cylinder with different spacing ratios and caudal horns.
Spacing ratio Bare riser RMS 45 RMS (reduction) 60 RMS (reduction) 75 RMS (reduction) 90 RMS (reduction)
3.5 507.8 318.7 (37.2%) 318.9 (37.2%) 312.4 (38.5%) 261.6 (48.5%)
4 485.4 327.8 (32.5%) 320.1 (34%) 323.5 (33.3%) 217.8 (55%)
5 537.8 298.3 (44.5%) 349.8 (35%) 341.4 (36.5%) 271 (49.6%)
6 544.5 260 (52.3%) 355.6 (34.7%) 307.9 (43.5%) 296.7 (45.5%)
7 553.4 236.9 (57%) 325.5 (41.2%) 325.3 (41.1%) 294.4 (46.8%)
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